Abstract KRAS mutant lung cancers have long been considered as untreatable with drugs. Transforming growth factor-β-activated kinase 1 (TAK1) appears to play an anti-apoptotic role in response to multiple stresses and has been reported to be a responsive kinase that regulates cell survival in KRASdependent cells. In this study, in order to find a useful approach to treat KRAS mutant lung cancer, we focused on the combined effects of 5Z-7-oxozeaenol, a TAK1 inhibitor, with hyperthermia (HT) in KRAS mutant lung cancer cell line A549. Annexin V-FITC/PI assay, cell cycle analysis, and colony formation assay revealed a significant enhancement in apoptosis induced by HT treatment, when the cells were preincubated with 5Z-7-oxozeaenol in a dose-dependent manner. The enhanced apoptosis by 5Z-7-oxozeaenol was accompanied by a significant increase in reactive oxygen species (ROS) generation and loss of mitochondrial membrane potential (MMP). In addition, western blot showed that 5Z-7-oxozeaenol enhanced HT-induced expressions of cleaved caspase-3, cleaved caspase-8, and HSP70 and decreased HTinduced expressions of Bcl-2, p-p38, p-JNK, and LC3. Moreover, 5Z-7-oxozeaenol pre-treatment resulted in a marked elevation of intracellular calcium level which might be associated with endoplasmic reticulum (ER) stress-related pathway. Taken together, our data provides further insights of the mechanism of action of 5Z-7-oxozeaenol and HT treatment, and their potential application as a novel approache to treat patients with KRAS mutant lung cancer.
Introduction
Lung cancer is the leading cause of cancer death in both men and women around the world (Siegel et al. 2014 ). Lung cancer is classified into three main groups: non-small cell lung cancer (NSCLC), small cell lung cancer (SCLC), and carcinoids. Activating KRAS mutations are found in 15-30 % of patients with NSCLC; unfortunately, no effective treatment is currently available for this sub-type of NSCLC (Ku et al. 2015) . KRAS mutations are generally related with treatmentrefractory tumors (Downward 2003) . Therefore, finding an effective treatment for the patients with KRAS mutant lung cancer is urgently required.
Transforming growth factor-β-activated kinase 1 (TAK1) was first identified as a mitogen-activated protein kinase kinase kinase (MAP3K) and found to be activated by TGFβ and bone morphologic protein (Yamaguchi et al. 1995) . Since this original finding, TAK1 also has been shown to be activated by numerous stressors such as cytokines and bacterial ligands and then transmits the signal-transduction pathway leading to cellular responses. TAK1 stimulates activation of IkB kinase (IKK)-NF-kBNF-κB and MAPK pathway, which regulate cell survival, cell growth, tumorigenesis, and metabolism (Hayden and Ghosh 2008; Mihaly et al. 2014; Sakurai 2012) . TAK1 has been reported to be a responsive kinase that regulates cell survival in KRAS-dependent cells, in which KRAS regulates TAK1 and Wnt signaling through BMP-7 receptor activation (Singh et al. 2012) . It is also known that the NF-κ B pathway is a potential target in KRAS mutant cancer cells (Cordero et al. 2010) . Together, these findings identify TAK1 inhibition as a potential therapeutic strategy for the treatment-refractory cancers exhibiting aberrant KRAS activation. 5Z-7-oxozeaenol, a resorcyclic acid lactone, first reported as a highly potent chemical inhibitor of TAK1, can inhibit picryl chloride-induced ear swelling (Ninomiya-Tsuji et al. 2003) . Moreover, 5Z-7-oxozeaenol can suppress tumor growth of KRAS-dependent cell lines in vivo (Sakurai 2012) . However, very often chemotherapy alone is not sufficient for the patients due to increasing drug resistance and side effects. To overcome this limitation, chemotherapy is usually combined with physical treatments such as hyperthermia (HT). HT has been known to enhance the drug delivery and thermosensitizes cancer cells to certain chemotherapeutic drugs at their low doses (Engelhardt 1987) . Previously, our group has already reported that TAK1 plays a role in cell death induced by HT in HeLa cells (Li et al. 2013) . In the present study, we investigated the effects of 5Z-7-oxozeaenol, a TAK1 inhibitor on human NSCLC A549 cells in combination with HT. A549 cells were treated with low doses of 5Z-7-oxozeaenol in combination with HT, and we tried to investigate the associated molecular mechanisms involved in the enhancement of apoptosis by combined treatment.
Materials and methods
Chemicals 5Z-7-oxozeaenol was purchased from R&D Systems (Minneapolis, MN, USA). Stock solutions were prepared using dimethyl sulfoxide (DMSO) as a solvent and further dissolved to make the desired concentrations for experimental use.
Cell line and culture
Human alveolar adenocarcinoma cell line, A549, was obtained from Human Sciences Research Resource Bank (Japan Human Sciences Foundation, Tokyo, Japan) and maintained in RPMI1640 medium supplemented with 10 % heatinactivated fetal bovine serum (FBS) at 37°C in humidified air with 5 % CO 2 .
Drug treatment and hyperthermia
A cell suspension containing 1 × 10 6 cells/dish was pretreated with 5Z-7-oxozeaenol for 1 h at 37°C.
For hyperthermia treatment, A549 cells were seeded 24 h before treatment at a density of 0.2 × 10 6 /ml in 35 mm × 10 mm dishes, then were sealed with paraffin film, and placed in a hot water bath at 44°C for 20 min. After the treatment, cells were then transferred to an incubator at 37°C until analysis.
Apoptosis assay by flow cytometry
Flow cytometry was performed using propidium iodide (PI) and fluorescein isothiocyanate (FITC)-labeled annexin V (Immunotech, Marseille, France) to detect phosphatidylserine externalization (on the surface of cell membrane) as an endpoint indicator of early apoptosis (Sakurai 2012) . After the treatments, the remaining intact cells were incubated at 37°C for 6 h, collected, washed with cold PBS at 4°C, and centrifuged at 500×g for 5 min. FITC-labeled Annexin V (5 μl) and PI (5 μl) were added to 490 μl of the cell suspension and mixed gently. After incubation at 4°C for 30 min in the dark, the cells were analyzed by flow cytometry (Epics XL, Beckman-Coulter, Miami, FL).
Analysis of cell cycle
Cells were harvested and washed with PBS. The cells were resuspended in 100 μl of PBS then fixed in 1 ml of 70 % cold ethanol (-20°C) , stored overnight at 4°C, washed with PBS, and incubated for 20 min at 37°C in the dark with RNase solutions (1 × 10 6 /0.25 mg/ml of RNase) (Wako Pure Chemical Industries, Ltd., Osaka, Japan) containing propidium iodide (50 μg/ml) (Wako) followed by flow cytometry (Epics XL, Beckman-Coulter, FL).
Colony formation assay
Cell survival after HT treatment was measured by colony formation assay. Cells were seeded into 60-mm dishes on day 0 and allowed to attach for 24 h at 37°C. Cells were then treated with HT exposure (44°C, 20 min). Cells were incubated in the incubator for 12 days. Colonies were examined by Giemsa staining, and visible colonies containing approximately 50 or more cells were counted. Survival fraction was calculated relative to the number of control cells to determine the plating efficiency in each experiment (number of HT-treated colonies/number of colonies in control).
Measurement of intracellular ROS production
To detect intracellular reactive oxygen species (ROS) production, the cells were incubated at 37°C for 15 min with 5 μM Hydroxyphenyl fluorescein (HPF, Sekisui medical co., Tokyo, Japan) to detect intracellular hydroxyl radical and peroxynitrite; with 5 μM Hydroethidine (HE, Molecular Probes, Eugene, OR) to detect intracellular superoxide. For all of them, the fluorescence emission was analyzed using flow cytometry.
Measurement of mitochondrial membrane potential (MMP)
To measure changes in MMP, A549 cells were stained with 40 nM 3,3′-dihexyloxacarbocyanine iodide (DiOC 6 (3)) (Wako Pure Chemical Industries, Ltd., Osaka, Japan) in 0.5 ml of PBS plus 1 % FBS for 15 min at 37°C. The fluorescence of DiOC 6 (3) was analyzed using a flow cytometer, with excitation and emission settings at 484 and 500 nm, respectively. Because DiOC 6 (3) is a lipophilic cationic fluorochrome that accumulates in mitochondrial matrix proportionally to the transmembrane potential, cells that showed low MMP were estimated as the fraction of cells with weak fluorescence intensity of DiOC 6 (3).
Western blot analysis of proteins
The cells were collected and lysed in lysis buffer (1 M TrisHCl, 5 M NaCl, 1 % Nonidet P-40 (v/v), 1 % sodium deoxycholate, 0.05 % SDS, 1 mM phenylmethylsulfonyl fluoride) for 20 min. After brief sonication, the lysates were centrifuged at 12,000×g 10 min at 4°C, and the protein content in the supernatant was measured using a Bio-Rad Protein Assay kit (Bio-Rad, Hercules, CA). The protein lysates were denatured at 96°C for 5 min, after mixing with SDS-loading buffer, applied on an SDS polyacrylamide gel (Daiichi Pure Chemicals Co., Ltd, Tokyo, Japan) for electrophoresis, and transferred to nitrocellulose membranes (Amersham Biosciences, Buchinghamshire, UK). Western blot analysis was performed using primary antibodies (1:1000) to NF-kB p65 (Santa Cruz Biotechnology Inc., Santa Cruz, CA) (sc-109), caspase-3 (#9662), Bcl-2(#2876), JNK(#9252), phospho-JNK(#9255), p38(#9212), phospho-p38(#4631), A20(#5630), phospho-NF-kB p65(#3033) (Cell Signaling Technology), and β-actin (Sigma-Aldrich, St. Louis, MO). The secondary horseradish peroxidase (HRP)-conjugated antibodies (1:1000) were purchased from Cell Signaling Technology. The band signals were visualized using a luminescent image analyzer (LAS4000, Fujifilm Co., Tokyo, Japan) with chemi-luminescence ECL system (Amersham Biosciences).
Measurement of intercellular free calcium ions
To monitor the effect of 5Z-7-oxozeaenol treatment on intracellular calcium homeostasis, intracellular free Ca 2+ was measured using calcium probe Fluo-3/AM (Dojindo Laboratories Co., Ltd., Kumamoto, Japan). Cells were treated with 5Z-7-oxozeaenol for 1 h, then were exposed to HT (44°C, 20 min). After 12 h incubation, the cells were harvested and then loaded with 5 μM Fluo-3/AM for 30 min at 37°C. Excess Fluo-3/ AM was removed by washing three times with PBS. The fluorescence intensity of free Ca 2+ levels was measured by flow cytometry.
Statistical analysis
Data are expressed as the means ± SD. Statistical analysis was carried out using the Student's t test. P values <0.05 were regarded as significant. All the experiments were performed in triplicate.
Results

Effects of 5Z-7-oxozeaenol on HT-induced cell death
To investigate the effects of 5Z-7-oxozeaenol on HTinduced cell death, PI/annexin V-FITC assay was carried out following the treatment of 5Z-7-oxozeaenol at different concentrations and HT in A549 cells. The percentage of early apoptotic and secondary necrotic cells was significantly enhanced in a dose-dependent manner by 5Z-7-oxozeaenol 24 h after HT exposure (Fig. 1a) . The increased percentage of subG1 fraction was also observed in 5Z-7-oxozeaenol-treated cells in a dosedependent manner after HT exposure (Fig. 1b) . To further examine the effects of 5Z-7-oxozeaenol on cell survival in response to HT exposure, colony formation assay was performed in the presence of 5Z-7-oxozeaenol at the dose of 1 μM and 5 μM. The results showed that 5Z-7-oxozeaenol notably decreased cell survival at the dose of 5 μM 12 days after HT treatment (Fig. 1c, d ). Taken together, all the data showed that 5Z-7-oxozeaenol remarkably increased HT-induced cell death in A549 cells.
Effects of 5Z-7-oxozeaenol on HT-induced ROS generation
Excess generation of intracellular ROS causes oxidative stress, which is an important signal in apoptosis (Tripathi and Hildeman 2004; Ott et al. 2007 ). To address the role of ROS in enhanced apoptosis by 5Z-7-oxozeaenol in response to HT treatment, we measured ROS using HPF and HE staining by flow cytometry. HT alone increased the intensity of HE fluorescence from 12 to 24 h after treatment, which was further enhanced in the presence of 5 μM 5Z-7-oxozeaenol at 24 h (Fig. 2a) . Intensity of HPF fluorescence was increased 30 min after HT exposure and further become decrease at 12 and 24 h HT treatment (Fig. 2b) . However, 5Z-7-oxozeaenol had no effects on the intensity of HPF fluorescence after the HT exposure at any indicated time point.
Effects of 5Z-7-oxozeaenol on mitochondrial pathway after HT exposure
To explore the effects of 5Z-7-oxozeaenol on mitochondrial membrane potential (MMP) in response to HT treatment, the cells treated with HT and/or 5Z-7-oxozeaenol were detected by DiOC 6 (3) staining. Loss of MMP induced by HT was not significant, but significant promotion of MMP loss was observed in the presence of 5Z-7-oxozeaenol at high dose of 5 μM (Fig. 3) .
Effects of 5Z-7-oxozeaenol on cell death-related proteins
To further investigate the molecular mechanism of 5Z-7-oxozeaenol in response to HT, we also evaluated expressions of cell death-related proteins by western blot analysis. Caspases are the important executioners of apoptosis induced by various apoptotic stimuli. The results showed that 5Z-7-oxozeaenol in combination with HT markedly increased the expression of cleaved caspase-3 and cleaved caspase-8 (Fig. 4a) . Furthermore, suppression of Bcl-2 was observed in were treated with indicated concentrations of 5Z-7-oxozeaenol (1, 2.5 and 5 μM) for 1 h followed by HT treatment (44°C, 20 min). c Colony formation assay was performed after 12 days incubation. d Percentage of colonies was calculated. The results are presented as mean ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 compared with HT-treated cells 5Z-7-oxozeaenol-treated cells 12 h after HT treatment (Fig. 4a) . Western blot analysis also showed that 5Z-7-oxozeaenol slightly increased HT-induced HSP 70 expression (Fig. 4a) . Since, TAK1 is essential for activating the IκB kinase (IKK)/NF-κB pathway and MAPK pathway in response to diverse stimuli (Hayden and Ghosh 2008; Mihaly et al. 2014; Sakurai 2012) . The expression of NF-κB and p-NF-κB in A549 cells treated with HT with/without 5Z-7-oxozeaenol was detected; changes in expressions of p-NF-κB and NF-κB were not observed between HT-treated cells and in combined treatment (Fig. 4a) . Further, we also evaluate the expression of A20 in HT with/without 5Z-7-oxozeaenol-treated cells. Expression of A20 was evoked by HT exposure alone but decreased in the presence of 5Z-7-oxozeaenol in a dosedependent manner in A549 cells (Fig. 4a) . In order to investigate whether MAPKs signaling pathway was involved in 5Z-7-oxozeaenol-mediated enhancement of apoptosis, we measured the activities of JNK and p38 by western blot at 1 h after HT exposure with or without 5Z-7-oxozeaenol pretreatment. 5Z-7-oxozeaenol itself significantly suppressed expressions of p-JNK and p-p38 before HT treatment and abrogated phosphorylation of JNK and p38 markedly after HT treatment (Fig. 4b) , while the expression of JNK and p38 remained unchanged (Fig. 4b) . Interestingly, expression of LC3 II, the autophagy marker, markedly increased by HT treatment and this elevation by HT treatment was suppressed in the presence of 5Z-7-oxozeaenol (Fig. 4c) .
Effects of 5Z on intracellular Ca
2+ levels and ER stress-mediated pathway Calcium homeostasis is essential for varied cellular functions, such as protein folding, processing, transport, and signal transduction (Giorgi et al. 2012) . To measure the role of After 18 h incubation, cells were collected and subjected to flow cytometry using DiOC 6 (3) staining. The results are presented as mean ± SD (n = 3). *P < 0.05 compared with HT treatment alone intracellular Ca 2+ in the enhancement of apoptosis by 5Z-7-oxozeaenol, we assessed intracellular Ca 2+ levels by flow cytometry. The result showed that HT-induced intracellular Ca 2+ levels were significantly enhanced by 5Z-7-oxozeaenol in a dose-dependent manner (Fig. 5a) . Further, to investigate the reason of this [Ca2+] i increase, effects on ER stress were determined. Cells were harvested 12 h after treatment with 5Z-7-oxozeaenol and/or HT for western blot analysis. Results showed that HT-induced Bip expression was slightly suppressed by 5Z-7-oxozeaenol in A549 cells (Fig. 5b) . Although the expression of CHOP was decreased at 5Z-7-oxozeaenol 5 μM treatment alone, the expression of CHOP was markedly increased in the combined treated cells (Fig. 5b) , indicating that ER stress might associate with 5Z-7-oxozeaenol-mediated apoptotic enhancement in response to HT.
Discussions
TAK1 has a potent pro-survival role in activating the Ikb kinase (IKK)-NF-κB pathway, which has numerous target genes, many of which block apoptosis, promote cell proliferation, and stimulate inflammatory responses (Hayden and Ghosh 2008; Mihaly et al. 2014; Sakurai 2012) . Our previous study has already shown that TAK1 promotes cell survival in irradiated HeLa cells and HT-exposed HeLa cells (Li et al. 2013) . Thus, inhibition of TAK1 may sensitize cells to death Fig. 4 Assessment of cell death related proteins. After 12-h incubation, protein was extracted from the cells and western blot analysis was performed to detect the expressions of diverse proteins. a Changes in expressions of cell death related proteins such as caspase-3, Bcl-2, HSP 70, and cleaved caspase-8 were detected by western blot analysis. b Changes in expressions of MAPK pathwayrelated proteins such as p-JNK, JNK, p-p38, and p38 were detected by western blot analysis. c Changes in expression of LC3 was detected by western blot analysis Fig. 5 Assessment of intracellular Ca 2+ levels and ER stress. Cells were pretreated with 5Z-7-oxozeaenol (1 and 5 μM), further treated with HT (44°C, 20 min), and then harvested 12 h after treatment. a Cells were loaded with 5 μM calcium probe Fluo-3/AM for 30 min, and intracellular Ca 2+ level was measured by flow cytometry. The results are presented as mean ± SD (n = 3). *P < 0.05 compared with HT-treated cells. b Changes in expressions of CHOP and Bip were detected by western blot analysis through many of the myriad pathways. 5Z-7-oxozeaenol was identified as the potent TAK1 inhibitor and sensitized both HeLa and MEF cells to TNF-α, doxorubicin, and etoposideinduced cell death (Fan et al. 2013) . In this study, we investigated the effects of 5Z-7-oxozeaenol on HT-induced cell death in A549 cells.
Oxidative stress plays an established role in apoptosis (Tripathi and Hildeman 2004; Ott et al. 2007) . Heat stress to cells induces ROS such as superoxide anion, hydrogen peroxide, hydroxyl radical, nitric oxide, and peroxynitrite (Zhao et al. 2006) . Several reports have linked oxidative stress to heat stress and revealed a synergistic augmentation of cell death as increased ROS generation was observed in HTexposed cells (McAnulty et al. 2005; Gu et al. 2015) . Superoxide anion is the precursor of most ROS and a mediator in oxidative chain reactions may react with other radicals including nitric oxide (Turrens 2003) . In the present study, pretreatment with 5 μM of 5Z-7-oxozeaenol does not enhance superoxide anion generation at 30 min and 12 h after HT treatment, however, markedly increased superoxide anion generation at 24 h after HT treatment in A549 cells (Fig. 2a, b) . Although, the involvement of TAK1 in oxidative stress has been reported, its contribution to the generation of ROS is controversial. It was initially reported that TAK1 deficiency causes elevated ROS generation in TNF-stimulated keratinocytes (Schober 2008) . Consistent with this study, TAK1 blockage formed more ROS in response to LPS stimulation in neutrophils, indicating that TAK1 is a negative regulator of ROS production (Omori et al. 2008 ). However, recent studies have shown that pharmacological blockade or genetic ablation of TAK1 causes a drastic reduction in ROS production such as superoxide formation in vascular smooth muscle cells and neurons (Song et al. 2014; Neubert et al. 2011) . Herein, the enhancement of superoxide formation by 5Z-7-oxozeaenol might be essential for the apoptotic enhancement after HT treatment.
Mitochondria are the target and source of ROS, which play a vital role in the regulation of apoptotic and autophagy pathways (Hou et al. 2014 ). Enhanced ROS generation or decreased Bcl-2 open the mitochondria permeability transition pore (MPTP) through the outer mitochondrial voltagedependent anion conductance channel to release cytochrome C into cytosol (Chien et al. 2014 ). This will eventually lead to the activation of caspase-3, followed by DNA fragmentation and cell death . The Bcl-2 family proteins exist in the mitochondrial membrane and regulate mitochondriadependent apoptosis (Adams and Cory 2001) . In the current study, treatment with 5Z-7-oxozeaenol dramatically increased HT-induced MMP loss in a dose-dependent manner and decreased Bcl-2 expression after HT exposure (Figs. 3 and 4a) . Eventually, treatment with 5Z-7-oxozeaenol notably enhanced HT-induced cleaved caspase-3 expression which was one of the central executioners of apoptosis (Fig. 4a) . Furthermore, Fas/TNF-R1 can trigger apoptosis via the direct activation of caspase cascade or via the mitochondria by activating caspase-8 and Bid (Yin 2000; Kim et al. 2006) . Our results revealed that 5Z-7-oxozeaenol could activate caspase-8 after HT treatment (Fig. 4a) . Taken together, all the data indicated that 5Z-7-oxozeaenol could increase HT-induced apoptosis in a dosedependent manner via mitochondria-dependent pathway. In addition, induction of heat shock proteins is the most well characterized heat shock response. HSP 70 has been shown to play a critical role in cell survival and thermo-tolerance possibly through preventing recruitment of procaspase-9 to the apoptosome by binding to Apaf-1, thereby inhibiting the activation of caspase-3 (Beere et al. 2000) . Our results showed that HSP 70 may not involve in the apoptotic enhancement by 5Z-7-oxozeaenol in response to HT treatment (Fig. 4a) . Ca 2+ is a second messenger in cells that translates extracellular stimuli into intracellular activities that are important for regulation of diverse physiological processes (Speidel 2010) . Excessive elevation or prolonged activation of Ca 2+ signaling would cause cell death. It is reported that oxidative stress and intracellular Ca 2+ overload are connected to each other in HT-mediated cell death (Wold et al. 2006; Yu et al. 2006) . It is well established that intracellular Ca 2+ overload can trigger apoptosis via the mitochondria-dependent pathway (Orrenius et al. 2003) . In our study, all the data showed that the enhanced intracellular Ca 2+ level was observed when cells were treated with HT and 5Z-7-oxozeaenol (Fig. 5a) . Moreover, endoplasmic reticulum (ER) is by far the best studied releasable calcium store, possessing a welldefined repertoire of calcium channels, pumps, and buffers except mitochondria. Recent evidence has suggested that cytochrome c can bind to ER inositol 1,4,5-trisphosphate receptor (IP3R), rendering the channel insensitive to autoinhibition by high intracellular Ca 2+ and resulting in enhanced ER Ca 2+ release. The close proximity between the ER and mitochondria assists this cross-talk (Brookes et al. 2004) . To further investigate whether ER stress is associated with the pro-apoptotic function of 5Z-7-oxozeaenol in response to HT exposure, we assessed two major ER proteins: Bip and CHOP. Bip, the major ER-localized chaperone, is induced by ER stress. Activation of Bip is demonstrated to regulate toxicants-or stimulus-induced apoptotic pathways (Choi et al. 2010) . CHOP also plays a key role in ER stressinduced apoptosis (Oyadomari and Mori 2004) . Depletion of the CHOP gene could result in a reduction of ER stressinduced cancer cell death, and overexpression of CHOP gene promotes cell death via down-regulation of Bcl-2 expression, depletion of cellular glutathione, and exaggerated production of ROS (Miyazaki et al. 2011; McCullough et al. 2001) . As shown in Fig. 5b , Bip did not involve in the enhanced intracellular Ca 2+ level by 5Z-7-oxozeaenol; however, CHOP expression was markedly increased in the presence of 5Z-7-oxozeaenol after HT exposure (Fig. 5b) . All the data suggested that 5Z-7-oxozeaenol might enhance intracellular Ca 2+ level through ER stress-mediated pathway. Activated TAK1 can phosphorylate IKK to activate NF-kB pathway and mitogen-activated protein kinase kinases (MKKs) to activate the MAPK kinase pathway (Hayden and Ghosh 2008; Mihaly et al. 2014; Sakurai 2012) . Activated NF-kB mediates the expression of diverse target genes that promote cell proliferation, regulate apoptosis, facilitate angiogenesis, and stimulate invasion and metastasis (Lee et al. 2007 ) and thus serves as a key transcriptional regulator of anti-apoptotic and antioxidant molecules. A20 can negatively regulate IKK and NF-κB signaling pathway which is activated by TAK1 (Li et al. 2013) . Overexpression of A20 can protect cells from TNF-mediated apoptosis by blocking the activation of the apical caspase-8 and 2, preventing subsequent activation of downstream effectors and maintain the mitochondrial integrity (Daniel et al. 2004 ). Activation of MAPKs plays an essential role in apoptosis induced by many cellular stresses. To examine the role of NF-κB, MAPKs, and A20 in the enhanced apoptosis by 5Z-7-oxozeaenol, we detected the expressions of NF-κB, MAPKs, and A20. The results showed that 5Z-7-oxozeaenol alone slightly decreased p-NF-κB expression due to its own NF-κB inhibition activity but had no effects on p-NF-κB expression in combined treatment, indicating that NF-κB was not involved in the enhanced apoptosis by 5Z-7-oxozeaenol after the HT treatment (Fig. 4a) . Expressions of p-JNK and p-38 were significantly inhibited by 5Z-7-oxozeaenol before and after HT exposure (Fig. 4b) . However, HT-induced A20 expression was remarkably prevented by 5Z-7-oxozeaenol after HT exposure, suggesting that A20 may be involved in the enhancement of apoptosis (Fig. 4a) .
In the present study, LC3-II bands were clearly observed in HT-treated cells, indicating that autophagy was induced by HT exposure (Fig. 4c) . Previous studies have already demonstrated that HT-triggered autophagy was associated with increased cell survival in most cases (Zhang and Calderwood 2011; Swanlund et al. 2008; Chen et al. 2008) . Therefore, the reduction of LC3-II expression by 5Z-7-oxozeaenol revealed that cell survival may be abrogated, and cell death may be increased after the HT exposure in the presence of 5Z-7-oxozeaenol (Fig. 4c) .
In conclusion, this study demonstrates that 5Z-7-oxozeaenol enhances apoptosis in response to HT in A549 cells. Treatment with 5Z-7-oxozeaenol resulted in mitochondria-dependent apoptotic pathway via increase of ROS generation, MMP loss, intracellular Ca 2+ level, and reduction of Bcl-2 expression. In addition, blockade of LC3-II expression by 5Z-7-oxozeaenol may also participate in the enhanced apoptosis following the HT treatment. Our findings may help the potential application of the agent with HT treatment as a future strategy for KRAS mutant lung cancer.
